The decomposition rates and litter chemistry carbon (C), nitrogen (N), phosphorus (P), potassium (K) and lignin of senesced leaf litter of seven dominant tree species in three elephant-transformed woodlands were examined in semi-arid Botswana. The woodlands were selected on the basis of a gradient in woodland cover mainly caused by elephant herbivory. The species studied were Combretum elaeagnoides, Croton megalobotrys, Philenoptera nelsii from the heavily browsed and open canopy Shrubland, C. elaeagnoides, Friesodielsia obovata, Baikiaea plurijuga from the ecotone and moderately browsed Mixed woodland, and B. plurijuga, Combretum apiculatum and Croton gratissimus from the least browsed and closed canopy Teak woodland. Overall, there were significant differences in decomposition rates of litter species between the three vegetation communities (Kruskall Wallis 48.585, p<0.001). Significant differences in decomposition rates were observed between litter species, with P. nelsii (k = 0.22 y -1 ) in Shrubland and B. plurijuga in Teak woodland (k = 0.231 y -1 ) showing lower rates than other litter species. Despite having lower decomposition rates P. nelsii suprisingly had a higher N concentration and lower C:N and lignin-to-N ratios suggesting that these ratios may not have been the only ones influencing the decomposition rates of the litter species. For similar litter species placed across different communities, B. plurijuga decomposed faster in moderately open Mixed woodland than in closed canopy Teak woodland. The decomposition rates of C. eleagnoides in Shrubland and in Mixed woodland were marginally different, with litter in Shrubland decomposing slightly faster than the one in Mixed woodland. C. elaeagnoides in the Shrubland also had lower C:N and lignin-to-N ratios than in Mixed woodland. The lignin-to-N ratio was generally a better predictor of the decomposition rates than C:N ratio, suggesting that future studies on decomposition of tree leaf litter can largely use lignin-to-N ratios rather C:N for predicting plant litter decomposition rates. Generally, litter species in Shrubland had a higher N concentration pointing to the positive feedback mechanisms of herbivory by megafauna where dung and urine deposited increase soil N availability and subsequently increase forage quality and high decomposition rates.
Introduction
Plant litter decomposition is important for nutrient recycling [1] . It is therefore critical that the biotic and abiotic factors that influence its rate in different environmental conditions are identified and understood for better ecosystem management [2, 3] . There are limited data on litter decomposition as well as on decomposition rates in tropical environments [4] , especially on the dominant tree species of semi-arid regions.
Both a loss in mass over time of the decomposing litter and the initial relative concentrations of the chemical elements in the litter have been studied in an attempt to predict decomposition rates and understand nutrient dynamics during litter decomposition [5, 6] . The relative proportions of nutrient elements in plant litter, especially the ratios of carbon-to-nitrogen [C/N] or lignin-tonitrogen [lignin/N] are considered important determinants of the decomposition rates and good descriptors of the litter quality [1, 7, 8] .
Decomposability of plant litter is regulated by the availability of nutrients in the soil and plant tissues [9, 10] . Plant litter from arid environments or localities with nutrient-poor soils tend to have high carbon-to-nitrogen [C:N] and lignin/N ratios, and consequently lower decomposition rates compared to litter from nutrient-rich soils [11, 12, 13] . However, the physical and biological factors such as rainfall and microbes are also important in influencing the decomposition rates of the litter especially at a global scale, but the primary determinant at a local scale or when bio-physical environments are similar is the litter chemistry [7, 10, 13, 14] . The differences in microclimatic conditions created by variations in vegetation structure and cover can be instrumental in determining rates of litter decomposition [15, 16, 17] . Dense vegetation can provide a closed tree cover, and ideal ambient air temperature, soil moisture, actual evapotranspiration and light conditions necessary for rapid litter decomposition [16] . However, local heterogeneity driven mostly by the edge effects, individual tree canopies or grass cover at finer scales can also be influential in the regulation of the micro-climatic conditions and micro-organism activities, and subsequently on decomposition rates [15, 17, 18] . Leaf litter dropping on the soil surface can also create humid, warm and stable microclimatic conditions between the litter and the soil for decomposers.
Litter rich in plant N is of high quality and decomposes faster compared to litter poor in plant N [11] . Dung, urine and animal carcasses provide immediate nutrient enrichment to the soils because of their high decomposability [11] . Thus, vegetation communities that support high densities of megaherbivores, such as African elephant [Loxondonta africana] and Cape buffalo [Syncerus caffer], would tend to be rich in soil nutrients, especially in N, P. Ca, Mg and other important elements. However, intense browsing pressure by herbivores can on the other hand cause plants affected by heavy browsing to produce tissues that are richer in lignin, tannins and other secondary metabolites which inhibit litter decomposition [19, 20] .
Again, heavily grazed and browsed vegetation communities would tend to have low vegetation cover, and open and hedged woodlands which may not offer stable climatic conditions for decomposers, and therefore decelerare decomposition rates [17] .
It is therefore critical to assess the interactive relationship between soil nutrients, tree cover and herbivory, and their influence on litter decomposition rates for broader understanding of nutrient cycling processes. Chobe National Park in northern Botswana presents a natural platform and opportunity for studying these interactions because of being home to over 70 000 elephants and other megafauna that converge in large numbers along the perennial Chobe River in winter and dry seasons, and disperse to the neighbouring woodlands after drinking and bathing in the river [21, 22] . There is a clear evidence of a gradient in herbivory pressure as well as of soil fertility and tree cover [22, 23] . There is a gradual increase in woody cover with increasing distance from the river, and the areas further from the river are characterised by dense and closed canopy woodlands whereas those closer to the river are predominantly open scrublands. In the opposite direction there is a gradual decrease of herbivore pressure and soil fertility with increasing distance from the river, with areas closer to the river supporting high densities of herbivores and nutrient rich soils than areas further away [23, 24] .
Previous studies in Chobe National Park suggest that the gradient in herbivore pressure across the woodland communities is a primary determinant of the woodland structure [22, 24] , and a probable driver of plant litter quality
In this study we set out to determine the decomposition rates of leaf litter of different tree species characteristic of the woodland communities occurring along the combined gradient of herbivore-pressure, tree cover and soil fertility in Chobe National Park. We further determined the influence of the relative levels of C, N, P, K and lignin in the litter on the decomposition rates.
Materials and Methods

Study Area
The study was carried out from July-December 1999 in the Chobe Riverfront region of the Chobe National Park, in semi-arid Botswana. The three woodland communities, which formed the study sites, were located in nutrient-poor Kalahari sand at about 500 m from the Chobe River [25] . Annual mean rainfall in the area is 600 mm and it occurs only in the hot summer months (OctMar) with a mean monthly minimum and maximum temperature of 28 and 35 o C, respectively The period between May-July is cold and dry with mean monthly minimum temperature ranging between 8. 4-28.5 o C. From August there is a gradual increase in temperature [25] . Senesced tree leaves start to fall in July.
As the large populations of elephant (over 26,000 individuals), buffalo (over 5,000 individuals), zebra (over 8,000 individuals) and other species such as impala, giraffe, kudu converge along the Chobe River, they impose a heavy impact on the nearby woodland [21, 22, 23, 26] . The impact is more pronounced on the Shrubland which is nearer to the river compared to other communities, and is characterised by open areas with a few scattered trees [22] . Mixed woodland adjoins the Shrubland on the south at a distance further than 2 km from the river [23] . This woodland forms a transition and moderately herbivore-impacted ecotone between the Shrubland and Zambezi Teak [Baikiaea plurijuga Harms] woodland. Teak woodland is denser in woody cover than the Mixed woodland, and is least impacted and furthest from the river [22, 23] . The transformation of these woodlands and gradient in canopy cover and tree density from the Chobe River to Zambezi Teak woodland is extensively covered in literature [22, 23, 24] .
Tree Species Selection and Litter Placement
Three dominant and deciduous tree species were selected from each woodland community to provide leaf litter for the study. Tree species selected from the Shrubland were large fever berry (Croton megalobotrys Muell. Arg.), oleaster bush willow (Combretum elaeagnoides) and Kalahari apple leaf (Philenoptera nelsii Schinz) ( Table 1 ). In the Mixed woodland tree species Baikiaea plurijuga, Combretum elaeagnoides and savanna dwaba-berry (Friesodielsia obovata Benth) were selected while in Teak woodland the three tree species selected were Baikiaea plurijuga, red bush willow (Combretum apiculatum Sonder), and lavender-fever berry (Croton gratissimus Burch). Two line transects of 10 km long and 9-10 km apart, and each cutting across the three vegetation communities were selected for litter sampling.
Recently senesced dry leaf litter of the seven tree species was collected at the end of July 1999 from the ground surface next to representative tree species and from several tree individuals. The leaf litter of each species was then air-dried in the open shelter and packed in nylon mesh bags of a standard volume (15 cm x 15 cm x 8 cm diameter) mesh size of 2mm. Since the litter was not crushed, the litter weight in the bags varied slightly depending on the leaf surface area of the species used. The average bag weight for the less dense and broad dry leaves of Croton and Combretum litter was 18  3 g, while that of the broad but denser F. obovata dry leaves was 13 ± 4 g. Dry leaves of P. nelsii were broad and heavier (mean weight: 22 ± 2 g) while those of B. plurijuga dry leaves were small in size but heavier in weight (21 ± 3 g). Packed litterbags were returned to the field within 2 days of collection and placed within their native communities to match the original natural field conditions. A standard litter of C. elaeagnoides and of B. plurijuga which occurred two different communities served as control. It would have been effective to have at least 1-2 control tree species occurring and being tested under all the three vegetation communities but that was not possible as no such species was found. Eleven bags of each litter species per community were sub-sampled at the end of every fourth week from August to December 1999. The bags and the litter were dried to a constant weight and weighed separately to determine the proportion of the dry mass of the litter remaining in relation to the original mass of litter.
Chemical Analysis of Litter Samples
Litter from the subsampled bags were analysed for total organic carbon (C), nitrogen (N), phosphorus (P), potassium (K) and lignin [27] .
Data analysis
The decomposition rate constant k (y -1 ) was calculated using the single exponential decomposition function described by [28] , Yt = Y0 e -kt , where Y0 is the original litter sample weight, and Yt is the litter sample weight remaining after time t (years) [5] .
Non-parametric Kruskall-Wallis and MannWhitney were used to determine differences in per cent mass remaining and in decomposition rates among the species and between communities. A one-way analysis of variance was run to determine differences in nutrient concentrations between different litter species, and months. We also used a multiple linear regression forward selection to determine the significance of lignin/N and C/N as predictors of the decomposition rates.
Results
Inter-and Intra-specific Differences in Mass Loss and Decomposition Rates
Per cent mass remaining was significantly higher for P. nelsii in Shrubland, and for B. plurijuga in Teak woodland than for other species (Kruskal Wallis H = 49.1, df = 8, p < 0.0001) ( Table 1) . A significant difference in the decomposition rates was observed between species, with P. nelsii in Shrubland and B. plurijuga in Teak woodland having a lower decomposition rate than the other litter species (Kruskal Wallis H = 48.6, df = 8, p < 0.0001) (Figure 1) .
Decomposition rates also differed significantly among the litter species within a community, for example within Shrubland (Kruskal Wallis H = 20.3, df = 2, p < 0.0001) and within Teak woodland (Kruskal Wallis H = 24.8, df = 2, p < 0.0001) but not among litter species in the Mixed woodland ( Table 1) . 
B. plurijuga C. apiculatum C. gratissimus
Mixed woodland, though the difference was statistically significant. The decomposition rates of litters of B.
plurijuga did not significantly differ between vegetation communities.
Figure 1.
Annual decomposition rates of the seven tree species studied in three vegetation communities.
Lignin and Carbon-Nitrogen Ratios
The lignin/N and C/N ratios for C. elaeagnoides were lower in Shrubland than in Mixed woodland indicating the high proportion of nitrogen in relation to lignin. However, for the litter of B. plurijuga placed in two different vegetation communities, the element concentration (e.g. N, C, lignin) did not differ between communities. The C/N and Lignin/N ratios were also lower higher in Teak woodland than Mixed woodland. The lignin/N ratio significantly explained much of the variation in the decomposition rates (F1, 23 = 6.16, R 2 = 0.21, p = 0.02) than C/N ratio.
Nutrient Dynamics
The concentration of N in C. elaeagnoides at the start of the experiment was higher in Shrubland than in Mixed woodland (F8, 16 = 54.1, p < 0.0001), but not significantly different between litters of B. plurijuga from Mixed and Teak woodland (Table 1) . Generally, a majority of the significant changes that occurred in elemental concentration over the 5-month period were associated with a decrease in concentration. Significant decrease in concentration were observed in N in P. nelsii in Shrubland (F4, 10 
Discussion
In this study, we had expected the decomposition rates of litter in the heavily degraded Shrubland to be consistent and significantly higher compared to the decomposition rates of litter from Mixed woodland and for the litter from Teak woodland to have a much lower decomposition rates compared to the litter from Shrubland and Mixed woodlands. Our expectation was premised on the resource availibility theory that sites with high herbivore pressure tend to be rich in soil nutrients and inhabited by plants with nutrient-rich tissues and high decomposition rates [5, 8, 9, 11] . However, we found the decomposition rates of the species studied not to be always consistent with the hypothesis, for example, lower decomposition rates were observed in the litter of P. nelsii in the Shrubland and in B. plurijuga in the Teak woodland, despite that P. nelsii had a higher N concentration and lower lignin-to-N ratio. We did not expect any of the litter species in Shrubland to have lower decomposition rates as litter species in the moderately degraded and dense Teak woodland. In spite of this, the herbivore gradient was supported by the higher N concentration and lower lignin-to-N ratio of the litter species in Shrubland than those in other communities. The high N concentration in litter species in the shrubland can be explained by high nutrient turnover rates that normally occur in areas used frequently by large herds of wild herbivores [11] . The litter of C. eleagnoides in Shrubland had a higher N concentration, lower lignin-to-N ratio lower compared to the litter of the same species in Mixed woodland which is moderately used by herbivores. For the litter of the B. plurijuga which was also placed across two vegetation communities along the gradient (Mixed and Teak woodlands), the difference in N concentration in litter was not evident. The decomposition rates of these two tree species were to some extent supportive of the herbivore impact hypothesis on litter decomposition rates. Herbivores can accelerate decomposition rates of litter species through deposit of dung and urine leading to rapid nutriet turn-overs, elevated litter quality and rapid decomposition rates [11] . The marginality between the decomposition rates of C. eleagnoides litter placed in Shrubland and Mixed woodland could be partly due to the micro-climatic conditions created by woody canopy cover in the mixed woodland [29, 30, 31] . In communities with woody canopy cover, microbial activity and litter decomposition rates can be higher than under open-canopy communities because of stable moisture conditions [31] . Degraded landscapes often show highly variable and unpredictable decomposition rates because of the patchiness of the microbial biomass caused by variable and limited moisture conditions [15] . Normally moisture and warm temperatures are one of the key factors that enhance microbial activity and litter decomposition rates [29, 30, 31] . This may be a possible explanation why the diferences in decompostion rates of Combretum eleagnoides and other species were not significantly large.
The concentration of polyphenolics in litter, which we did not measure in this study, is also critical in determing decomposition ares. For example, B. plurijuga and C. megalobotrys are known to have high concentration of phenolics and tannins in their shoot tissues and they are largely avoided by elephants and if eaten they cause diarrhoea [20, 32] . Polyphenolics and high initial concentration of lignin in litter often have suppressive effect on decomposition rates of litter [33, 34] . However, the lignin/N ratio predicted better the decomposition rates of the litter species across communities.
The high decomposition rates of leaf litters in our study ranged between 0.2-0.6 yr -1 , indicating that they are not much different from those found in similar semi-arid environments (e.g. in South Africa where (k = 0.13) for Burkea africana species (Scholes & Walker 1993), which inhabit similar environments as B. plurijuga. However, the rates are a bit lower than those for tree leaf litter in xerophyllous semi-decidous woodlands of semi-arid Argentina (where k = 0.95) and dry deciduous forests of Mexico (k = 0.73). Decomposition rates for moist and wet tropical forests range from 0.62 to 3.3 yr -1 , especially where annual rainfall above 1000 mm [1, 28, 30, 35] . The largely documented k values for tree leaf litter are mainly from tropical climates with high rainfall, and are averaged across wet and dry seasons [1, 30, 36] . Also, some studies from the savannas are limited by the use of qualitative terms such as "fast" and "slow" rates to describe decomposition rates [8, 37] .
Nutrient Dynamics in Decomposing Litter
There was a general decrease in K, P and N concentrations in all the litter species, except for lignin concentration that showed an increase. Phosphorus and K are usually leached early in the decomposition process [5, 38] . The activity of the decomposer microbes can also have important impact on the concentrations of these elements in litter [6, 38, 39] . Microbial decomposers can cause an increase in N or P concentration if the litter has a low initial concentration of these elements [2, 6, 38, 39] . We found no increase in P level in B. plurijuga despite that the species had a lower initial P level than other species. Decomposer microbes that are in short supply of P may cause immobilisation of P, and cause an increase in P concentration in litter, or vice versa if P availability is high [6, 38, 39] . The concentration of N only decreased in P. nelsii which had a higher initial amount of N, and increased in F. obovata which had a lower initial amount of N, pointing to the mineralisation and immobilisation of N, respectively, by microbes [2, 6, 38, 39] . A decrease occurs when N in litter is not limiting to decomposer microbes [6, 38, 39] . Our results suggest that the N level in F. obovata may have been limiting to decomposers, and N often increases under such conditions [2, 6, 39] .
Conclusion
Because of its relatively short duration and done mostly in the drier part of the year, our study may have been limited in picking up some other interesting dynamics in litter decomposition. Also, litterbags have their inherent limitations such as porosity of the mesh and exclusion of macrofuna which normally speed up the degradation of litter [15, 40] . However, long term studies are necessary for understanding the entire decomposition process of the plant species studied. The short term observations from this study indicate that lignin-to-N ratio is generally a better predictor of the decomposition rates than total C:N ratio, suggesting that future studies on decomposition of tree leaf litter can largely use lignin-to-N ratios rather than total C:N for predicting plant litter decomposition rates, especially when labile forms of elements, tannins and phenolics can not be determined. Generally, litter species in vegetation communities with higher herbivore impact had a higher N concentration poiniting to the feedback mechnisms of herbivory, through dung and urine, on soil fertility and subsequently on forage quality and high decomposition rates.
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